Abstract-Biologically inspired snake robots have been widely studied for their various motion patterns. Most research has focused on the design of a controller for a given motion pattern. However, relatively limited work appears to have been done on the design of a controller for self-adaptive locomotion. In this brief, we add sensory inputs to a control system in order to investigate collision avoidance in a snake robot using a neural controller based on central pattern generator. From an analysis of the steering mechanism during serpentine locomotion, we derive a mathematical model of the joint configuration and the steering angle. In a neural oscillator network, steering control can be achieved via the proposed amplitude modulation method by modulating the neural oscillation parameters. A headnavigated motion pattern is employed to allow the range sensors to accurately detect obstacles for collision avoidance. Through the head-navigated locomotion, the head of the snake robot can be controlled to keep the orientation the same as the motion direction. The proposed control method is experimentally verified by application to the SR-I snake robot.
I. INTRODUCTION
E VEN though snakes have elongated and limbless bodies, they can move nimbly on rough ground with various gait patterns. These advantageous characteristics can be applied to a snake robot by studying the mechanism of snake motion. Biologically inspired snake robots are expected to be applied in search and rescue tasks in an unstructured environment, where traditional mobile mechanisms provide inadequate access. Most previous studies on snake robots have focused on constructing these machines such that they have animal-like properties [1] . One of the difficulties in controlling the snake robot is how to achieve adaptive locomotion while taking into account environmental information. The highly redundant structure of the snake robot and its many degrees of freedom make the adaptive control of the robot complicated [2] .
To enhance the autonomy of the snake robot, researchers have proposed many kinds of local sensor-based solutions [14] - [17] . However, situations involving the adjustment of motion with a local sensor-based approach must take into account a global human-based command would be difficult to handle. In this brief, the central pattern generator (CPG) is introduced to the design of a neural controller. The functioning of CPG results from an interaction between central commands and local reflexes [25] . This concept allows us to achieve rhythmic swing and coordination between the joints of snake robot that are coupled together by using a CPG network. This brief extends a previous article [11] that described a neural oscillator network (NON) and its implementation in a snake robot. The goal of this brief was to demonstrate a collisionfree behavior of the snake robot through the use of neurally controlled steering. Owing to its peculiar structure and S-shaped motion pattern, the snake robot cannot turn right or left as easily as wheeled robots can. Hirose proposed the serpenoid curve to model the movement of a snake robot [10] , and discussed a steering principle for turn motion by adding a bias value to the joint angles. Such a bias means that the amplitude of the joint angle is increased on one side. The resulting asymmetric undulatory wave leads to a change in direction. This steering principle is called the amplitude modulation method (AMM). Most researchers have used this method for the navigation of the snake robot. Sfakiotakis and Tsakiris [15] used sensor-based control to collect information about the surroundings and steered an undulatory robot through a corridor by adding an angular offset. Matsuo and Ishii [11] also applied the AMM to change the direction of a neurally controlled snake robot. Ye [12] summarized the methods for the turn motion of the snake robot. However, only qualitative results for the implementation of turn motion are available in previous studies. The exact relation between the change in joint angle and the turn angle is still unclear. Here, we quantitatively analyze the relation between the change in joint angle and the steering angle, proposing a general model for neurally controlled steering by AMM.
Before using AMM-based steering for collision avoidance, we must determine the snake robot's direction of motion. A head-navigated serpentine locomotion is proposed by the neural controller. In contrast to traditional serpentine motion, the head of the head-navigated snake robot always points along the direction of movement. Using this fact, we can detect the effective distance between the obstacle and the snake robot conveniently by means of three infrared (IR) range sensors installed on the head module. The turning angle required to avoid the obstacle can be calculated using the multiple sensory signals. Finally, using AMM-based steering, we can make the snake robot navigate in an adaptive collision-free manner.
This brief is organized as follows. Section II describes the CPG-based neural controller for the snake robot. In Section III, the modeling of AMM-based steering and headnavigated locomotion are introduced, respectively. Based on the achieved results, the design of the collision-free controller is investigated in Section IV. In Section V, we describe how neurally controlled collision-free behavior is experimentally verified on our snake robot SR-I. Finally, Section VI concludes this brief.
II. CPG-BASED NEURAL CONTROLLER
The rhythmic creeping motion of a real snake can be generated by the CPG mechanism. The propelling force of the serpentine locomotion comes from the interaction of the robot with the ground while it swings its joints from side to side. The CPG neural oscillators in the spinal cord stimulate muscle extension and contraction to generate the rhythmic swing of the body. Through construction of a NON to mimic the neural system of the animal, a series of successive rhythmic signals with a specific phase difference can be generated to realize snake-like locomotion. NON allows us to achieve coordination between large numbers of joints in the snake robot.
Owing to its continuous-time and continuous-variable features, the CPG neuron proposed by Matsuoka [19] and [20] is employed as the basic neuron in our oscillator network. The structure of this neuron is shown in Fig. 1(a) . Each neuron has a membrane potential (internal state) and a fatigue effect (self-inhibition). In addition, the neurons receive tonic driving inputs from the higher level nervous, which excite the neuron to produce an output. If these neurons are connected in a reciprocally inhibiting manner as in Fig. 1(b) , an alternate output can be generated from the neurons. The CPG model can thus be used to drive the rhythmic swing of the snake robot. This signal is transmitted from one joint to the next joint with a certain delay. The phase delay of the NON is determined by the topology of the network [11] .
From the mathematical model of Matsuoka's single neuron, a CPG network, including n CPG modules that have m neurons in each module can be described in a group of basic equations. For the j th neuron of the i -th CPG module, its mathematical model can be described by
where y j,i is the output of the j th neuron in the i -th CPG module; y out,i is the output of the i -th CPG module, which is the difference value of two neurons in one CPG; n is the number of CPG modules in the network; m is the number of neurons in one CPG module; sn is the serial number of neurons connected to the j th neuron; sc is the serial number of CPG connected to the i -th CPG; u j,i is the membrane potential of the j th neuron in the i -th CPG module; v j,i is the variable that represents the degree of adaptation; u 0,i is the tonic driving input; τ 1,i and τ 2,i are the parameters that specify the time constants for the membrane potential and the degree of adaptation, respectively; β is the adaptation coefficient; w neu is the weight between neurons; and w cpg is the connection weight between the CPGs. To determine how to employ the CPG network to control the locomotion of a snake robot, we investigated the influence of each CPG parameter on the signal output. We had earlier discovered an important linear relation between the driving input u 0 of CPG and the amplitude of rhythmic output [11] . Since the amplitude of the joint angle influence the motion curvature of the snake robot, the desired motion can be achieved by modulating the corresponding parameters. The modeling of AMM-based steering introduced in next section is based on this result.
III. COLLISION-FREE BEHAVIOR
During the design of the collision-free controller for the snake robot, it is essential to address how to steer and how large an angle to steer. Owing to the particular characteristic of creeping locomotion, a snake robot's turning mechanism is different from that of wheeled robots. In this section, an AMM-based steering and a head-navigated motion pattern are investigated to resolve these two issues.
A. AMM Steering
An asymmetric amplitude of the swing angle during serpentine locomotion can lead to a steering motion. The AMM uses this fact to realize the turn motion of the snake robot. The relation between the joint configuration and the steering angle is a key issue during AMM-based steering. Fig. 2 shows the trajectory of the first link in response to the varying joint amplitude. Three dash-dot-lines represent the directions of movement under different amplitude. Symmetric signals are exerted on the joints before point A, and the trajectory proceeds straight along axis 1. The amplitude of the head angle is altered by a bias value A at point A. The balance is disturbed and the motion direction is changed to axis 2. While coming to point B, the amplitude of the angle returns to the value it had before point A. The robot then moves along a new direction as axis 3. The whole progress from A to C shown in Fig. 2(a) describes the change of angle in the first joint in one period. This change will be transmitted to the successive joints according to the phase difference. Such parameter variation with a fixed shift interval leads to a smooth gait transmitting on the snake robot.
From the turning trajectory shown in Fig. 2(b) , we find that the winding angle α of the body curve can be used to express the steering angle of the snake-like locomotion. The parameter α is defined as the angle of the body at point A or B relative to the traveling direction (called the winding angle). During the turn motion, the steering angle of the snake robot can be calculated from the angle between axis 1 and 3. Since the same configuration of joints moving along the axis 1 and 3, the winding angles in these two cases are set as the same value α 0 . For axis 2, we define the winding angle as α 1 at points A and B symmetrically. From the geometrical relationship, the steering angle can be expressed as follows:
By assuming the curvature changes along the body axis in a sinusoidal manner, Fig. 3 shows the gliding curve of the snake creeping locomotion. s is a distance along curve of the body and θ(s) is the distribution of the bending angle between body links. l is the length of the quarter-cycle of the curve. If we make the curve consists of line elements of incremental length δs, winding angle α can be expressed as the integration of the bending angle from O to P
If we define the amplitude of the joint angle is A 0 , the bending angle at position s is given by If we substitute (4) into (3), the winding angle α can be calculated by
From the above analysis, we know that the steering angle of the robot can be expressed as a function of winding angles. If we define the bias of the amplitude for turn motion is A, by substituting (5) into (2), it can obtain
From this equation, it can be found that the turn angle is linearly influenced by the bias of the amplitude when the body parameters are constant.
To get a more general computational model of the AMMbased steering, the number of the S-shape is also taken into consideration. While l is the length of the quarter-cycle of the curve, it can approximately be represented as
where N is the numbers of S-shape, n is the numbers of links, and δs is the length of each link. By substituting into (6), a more general model for steering angle can be obtained as
To conduct this method in our designed CPG-based oscillator network, the change of the angle amplitude is mapped on the neural parameters. As stated in Section II, the amplitude of joint angle is influenced linearly by the driving input u 0 of the CPG network. If η is the coefficient of the linear relation between the joint amplitude A and the CPG driving input u 0 , to get desired steering angle , the calculation of driving input can be achieved by
The above relation between the steering angle and the neural parameter leads to two important features of AMM-based turn motion. First, if the basic configuration of the snake robot is unchanged, the magnitude of the turn angle is decided by the bias of the driving input in the CPG network. Second, the initial value of the driving input is not relevant; the turn angle is influenced only by its offset.
B. Head-Navigated Locomotion
To determine the steering angle for the collision-free behavior, the direction of the serpentine locomotion must be obtained. In traditional serpentine locomotion shown in Fig. 4(b) , the head joint of the robot also swings from side to side along with the other joints, making it difficult to derive the direction of motion. If the IR range sensors are installed on the head, the swing of the head makes the detection area deviate from the motion direction. Inspired by an actual snake, the head of the snake robot could be controlled to lift up and keep the same orientation as the forward direction. A demonstration of the proposed motion pattern is shown in Fig. 4(a) . In this motion pattern, the snake robot always has its head pointing in the direction of motion.
To perform the proposed head-navigated locomotion, the configuration of the first joint in the snake robot needs to be designed separately. The angle in the first joint has three basic features: 1) the direction of the head module should always be the same as the forward direction of robot; 2) the angle of the first joint changes periodically and with the same frequency as the body joints; and 3) the angle of the first joint has the same period as the body joints but different phase and amplitude.
By analyzing the relation between original angle and modified angle of the head joint, four typical situations of the joints during the head-navigated locomotion have been shown in Fig. 5 . θ 1 is the original angle of the first joint under traditional serpentine locomotion; θ 2 is the angle of the second joint; and θ h is the modified angle of the first joint (blue color) under head-navigated locomotion. In situation (a), where the original value of first joint θ 1 is the same as second joint θ 2 , θ h should be zero to let the head link point to the forward direction. Thus, θ 1 − θ 2 is zero at this time. In situation (b), where the original value of first joint θ 1 just equals the inverse value of second joint θ 2 , θ h comes to its maximal value. For the value of θ 1 −θ 2 also get to the maximum. Due to the feature (2), (3), the configuration of the joints in situation (c) and (d) are similar with that of situation (a) and (b), which are just different in phase. These four typical situations compose a whole period of locomotion. The angles of each joint are clearly shown in Fig. 5(e) . From the analyzed result, it is obvious to find that the angle signal of θ h has the same phase and frequency as those of θ 1 − θ 2 . The angle signal of θ h can be expressed by θ 1 − θ 2 with different amplitude. If we define the original function of the angle of the first joint as f (t), and phase difference of two adjacent joints as ϕ, the equation of desired angle θ h is described as follows:
From the above equations, the major problem in control of the head joint has changed to solve the value of amplitude coefficient A head . As shown in Fig. 5(e) , we add a virtual angle θ v , which has the same phase difference with the first joint as that between the first joint and the second one. By using this virtual joint as a reference, the crossing time t cross of θ 1 and θ v can be calculated. Meanwhile, since θ h equals θ 1 at this time, the value of amplitude coefficient A head can be obtained by
From the demonstration of the CPG network shown in Fig. 6 , a virtual CPG is needed to be added for the calculation of the start point of head-navigated motion. Based on the (10), modified signal for the head joint y out,head in the headnavigated locomotion is calculated from the output of the first CPG (y out,1 ) and the second CPG (y out,2 ). The final computational model is given in (12) . Similarly, amplitude coefficient A head is calculated from the crossing point of y out,1 , y out,virtual , and
Based on the head-navigated locomotion, the exact orientation of the serpentine locomotion can be determined from the head. The effective distance between the head of the snake robot and the obstacle can be measured using the IR range sensors.
IV. CONTROLLER DESIGN

A. Control Strategy
Some assumptions on the controller are proposed to limit our design consideration. For simplicity, we only consider the snake robot moving on flat ground; thus the collision-free behavior is designed for a 2-D horizontal plane. Furthermore, all obstacles are supposed to have flat surface for effective range detection by the IR sensors.
The control process of the collision-free behavior for the snake robot is divided into two steps. First, head-navigated locomotion is employed as the basic motion pattern; the first joint, which has sensors will always maintain a forward orientation. Fig. 7 shows the arrangement of the range sensors. From the detected distance between the head and the obstacle, the steering angle for collision-free behavior can be calculated from the trigonometric relation shown in Fig. 7 . Second, the desired steering angle can be achieved by changing of the joint amplitude corresponding to the AMM-based turning model in (9) .
B. Simulation
In order to test the performance of the proposed control method, a simulator for a snake robot was developed using the open dynamics engine [27] , as shown in Fig. 8 . A schematic diagram of the designed environment for simulation of collision-free behavior is shown in Fig. 9 . The snake robot is moving in a square cloister with walls and a complex corridor, respectively. The parameters and gains used in the simulation are summarized in Table I . The snake robot is initially placed in the middle of the environment with random orientation.
The distance between the snake robot and the obstacle can be determined using the head-navigated motion pattern. The proposed control strategy steers the robot for collisionfree behavior. For simplicity, a right turning command is used for clockwise motion in Fig. 9(a) . Since the corridor in Fig. 9(b) has a complex scenario, a target command from human is added to let the robot know which direction it should choose when it encounters an obstacle. The trajectories of motion in the simulation are shown in Fig. 10(a) and (b) . The results confirm that the snake robot demonstrates collision-free behavior by the proposed method.
V. EXPERIMENTAL VERIFICATION
A snake robot named SR-I in Fig. 11(a) is employed for experimental verification. The mechanical structure of the joint unit is shown in Fig. 11(b) . The robot is composed of ten segments connected serially. Each segment is connected by joints with two degrees of freedom, which can rotate on a vertical axis (yaw) and a horizontal axis (pitch). Since this brief is limited to a 2-D horizontal plane, the pitch joint will always be held at a zero angle in the experiment. Two passive wheels are mounted at the bottom of the robot to realize asymmetric friction in normal and tangential directions. The mechanical specifications of the robot are listed in Table II , and a detailed introduction can be found in [18] . To obtain environmental information during the serpentine locomotion, three IR range sensors are installed on the head at known angles. The arrangement of the sensors is similar to that in Fig. 7 .
Due to hardware limitations of the robot, the obstacles in the experiment are flat walls, which are easily detected by the IR range sensors. The parameters and gains used in the experiment are similar to those listed in Table I . During the collision-free locomotion, a right turning command is given to determine the robot's turning direction. At the beginning, the snake robot is placed on the left side, as shown in Fig. 12 .
Using the proposed control model, the snake robot moves forward with head-navigated locomotion. The angle signal and driving input of the first joint are shown in Fig. 13 . We set Angle θ 1 (rad) Driving input the initial driving input of the CPG network to 1.0. When the distance between the head and the wall reaches a threshold value (set to 35 cm), the driving input is changed. Collision avoidance is achieved by controlling the amplitude of the joint angle in accordance with the CPG parameter. The changes in joint angle and driving input are shown in Fig. 13 . It is seen that the snake robot turned three times to avoid the walls. A comparison of the experimental results with those obtained by simulation shows that the maximum turn angle of the snake robot depends on the angle range of each joint. In addition to the mechanical limitation, the performance of the steering also depends on the slippage of the robot's wheels. The slippage would influence the stability of motion, which means the motion cannot be controlled along the desired direction. In the simulation, the maximum turn angle can reach 90°one time. In the experiment of the snake robot, we find the steering can only work normally if the turn angle is smaller than 40°. If the turn angle is too large, the robot cannot get expect performance due to the slippage. Real experiments in a more complex environment need an improved hardware.
VI. CONCLUSION
In this brief, a collision-free method of locomotion for a snake robot was proposed. The controller was designed using a CPG-based rhythmic motion generator. AMM-based steering was used to obtain the desired turning angle for obstacle avoidance. The main contribution of this research is a mathematical analysis of the relationship between the steering angle and neural parameters. The general result can be applied to the steering control of a snake robot of any configuration. Moreover, a novel motion pattern named head-navigated locomotion was proposed. Under this kind of motion, the head of the snake robot is always kept in the same direction as the forward movement, similar to that of a real snake. This allows the snake robot to navigate by the orientation of its head joint. The magnitude of the angle required to avoid an obstacle was calculated using sensory information from the head module. A simulation and experiment were conducted to demonstrate collision-free behavior through the AMM-based steering and head-navigated locomotion.
Real snakes move in unstructured environments using a larger variety of reactive behaviors, such as side winding and concertina [28] . In [29] and [30] , some interesting motion patterns of the snake robot have been studied in the context of adaptive locomotion. These versatile reactive motions require the use of additional sensory information. It would be useful to introduce sensors in order to estimate various environmental characteristics, such as the slope and friction of the surface and feed these into the proposed neural controller. These sensors can work as low-level peripheral receptors during the design of adaptive strategy. Further research is needed on coupling such information with high-level motion commands to create a reactive neural mechanism for more life-like locomotion.
